Vortex Softening: Origin of the second peak effect in Bi2Sr2CaCu208+5 
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Transverse ac permeability measurements in Bi2Sr2CaCu208+5 single crystals at low fields and 
temperatures in a vortex configuration free of external forces show that the decrease of the critical 
current as measured by magnetization loops at the second peak effect is an artifact due to creep. On 
the other hand, the increase of critical current at the second peak is due to a genuine softening of 
the tilting elastic properties of vortices in the individual pinning regime that precedes the transition 
to a disorder state. 



The existence of the second peak in the low field 
low temperature magnetization of Bi2Sr2CaCu208+5 
(Bi2212) as well as the peak effect observed in the criti- 
cal current of low (LTS) and high temperature super- 
conductors are manifestations of instabilities of the vor- 
tex structure (VS) in the presence of pinning potentials. 
Since the first explanation by Pippard and the theoretical 
description by Larkin and Ovchinnikov [Q| several other 
alternatives have been proposed, including order disorder 
thermodynamic phase transitions (|] |^ Q § 

The most remarkable manifestation in both phenom- 
ena is that Jc goes through a maximum when increasing 
field. Thus, most experiments studying the anomaly are 
based in measurements of Jc and consequently describe 
the properties of a non equilibrium thermodynamic state. 
In particular, in the case of the second peak in Bi2212, 
Jc determined by magnetization loop measurements is 
strongly affected by time dependent phenomena. As a 
result, it has been suggested [Q a possible explanation of 
the second peak effect as due to different relaxation rates 
of the vortex system in a non homogeneous field distribu- 
tion induced by the critical state. Other suggestion sup- 
porting the dynamical origin of the phenomenon has been 
introduced |^ from local magnetization loops induced in 
short time scales. This is in contrast with other exper- 
iments in Bi2212 where a thermodynamic phase transi- 
tion is claimed [|| |^ |^ to be associated with the 
second peak. 

In this paper we compare experimental results ob- 
tained by different techniques in order to distinguish the 
possible dynamical contribution to the second peak from 
that caused by genuine changes in the elastic response of 
the VS in the presence of pinning potentials. We have 
compared magnetization loop measurements in the crit- 
ical state with results obtained from ac transverse per- 
meability of vortex configurations free of bulk magnetic 
gradients. With this last constrain we have been able to 
detected an enhancement of the intrinsic pinning poten- 
tial of the vortex lattice in a region of fields where the 
second peak is detected. The observed behavior is due to 
a softening of the elastic properties of vortices that might 



be considered a precursor of a phase transition. 

The Bi2212 single crystals used in this work were 
grown using the self flux technique Q and they have typ- 
ical dimensions 2x1x0.02 mm^. We have made measure- 
ments of the field cooled, FC, ac transverse permeability 
in the Campbell limit, where the VS remains pinned un- 
der the perturbation induced by the ac field. A sketch of 
the experimental configuration with the applied field Hq 
in the c direction can be seen in the insert of Fig. 1 and 
details in ref. [|o) . 

The ac permeability in this configuration is given |Tl| ] 

by 
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where d is the thickness of the sample and the ac penetra- 
tion depth Aqc in the Campbell limit follows expression 
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aL = AL(i/a = 0) + xl 
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where Ac is the Campbel penetration depth. The Camp- 
bell limit is achieved when the ac response is character- 
ized by vortices locked in a pinning potential, lin- 
ear frequency independent response to ac excitations and 
a very small dissipation due to the displacement of the 
vortex core within the effective pinning potential. The 
Campbell penetration depth is given by pd] 
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The elastic constant C44 determines the vortex response 
to the tilting force induced in the transverse configura- 
tion. The Labusch parameter (Ha,T) is the effective 
pinning potential responding to the ac excitation. 

It has been demostrated JT3[ | that the pinning barrier is 
a function of the force acting on the vortices. When the 
only external force applied to the VS is that of the pertur- 
bation induced by the ac field the elastic response in the 
Campbell limit is determined by the curvature at the bot- 
tom of the effective pinning potential. This requires the 
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electromagnetic force induced by the ac field to be much 
smaller than the critical one to remove vortices from the 
pinning sites. Basically, the VS localized at the bottom 
of the Labusch potential represents a free force VS in 
thermodynamic equilibrium with the pinning potential. 
In practice, the true equilibrium state for a given external 
field and temperature can not be reached. On the other 
hand, the structure obtained by freezing the FC vortex 
system through the liquid solid-first order transition is 
essentially a vortex free force configuration down to tem- 
peratures where the individual pinning vortex limit is 
achieved [p^. In this configuration the pinning barrier is 
maximum |13| and in the individual vortex pinning limit 
Q^L(Ha,T) becomes field independent. In this limit, the 
field dependence of Xq= (Hq (j)o / An Q!i(Ha,T)), is given 
by the field dependence of C44 = Ho 0o/4 tt. Typically, 
when the field is increased the vortex-vortex interaction 
becomes relevant and a crossover to the collective pin- 
ning regime takes place. Then aL(Ha,T) decreases, and 
the Campbell penetration depth increases. 

Magnetization loops were also measured using a com- 
mercial Quantum Design SQUID magnetometer. From 
these measurements Jc was extracted using the expres- 
sion ilal 
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where A M is the difference in magnetization for a given 
field and R is a typical dimension of the sample. Equation 
(4) gives Jc only when creep effects can be disregarded. 
In this case, Jc oc (Ha,T). The measurements were 
taken in time scale of few minutes. 

In Fig. 1 we show the field dependence of A^^ at 15K, 
normalized by the thickness of the sample. The imagi- 
nary part of the permeability shows the low dissipation 
peak corresponding to the Campbell limit, see the insert 
at the lower rigth of the figure. The linear dependence 
of Aqc with Hq confirms the individual pinning limit up 
to fields as high as 1500 Oe. 
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FIG. 1. Field dependence of at 15K, normalized by the 
thickness of the sample. The dotted line is a linear fit to 
the data. Insert at the lower rigth: Imaginary part of the 
permeability vs T at Ha =600 Oe. Insert at the upper left: 
Experimental configuration. 

The field independent Labusch coefficient can be ex- 
tracted from the slope of the data or from each experi- 
mental value using the expression 

«L = ^(AL(i?a,T)-AL(0,r)) (5) 

In principle, Aac (OjT) is the London penetration depth 
\l- However, it is often found that Aac(0,T) obtained 
from the extrapolation of the linear field dependence is 
larger than Al. In our case Aac(0,T) « 3Al. This is due 
to a rapid increase of the penetration depth in the low 
field range, H^ < 30 Oe, of unknown origin, followed by 
the linear increase shown in Fig. 1. The rapid increase is 
incorporated in X"^^ (0,T) as a fitting parameter for the 
linear field dependence of A^c (Hq,T). The slope of A^c 
(Ha,T) determines ul (Hq,T), plotted as a full fine in 
Fig. 2 together with the corresponding values obtained 
from expression (5). 
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FIG. 2. Jc from magnetization loops and Labush coefRcent 
aL from equation (5) as a funtion of the applied magnetic 
field. The lines are: a guide to the eye for Jc data and the ql 
value from the fit in Fig. 1 

The current density Jc, obtained from (4) is also plot- 
ted in Fig. 2. It is interesting to point out that the 
Jc field independent region (individual pinning regime) 
is limited to fields one order of magnitude smaller than 
those where is seen to remain constant. As mentioned 
before Jc oc (Ha,T), when Jc is the true critical cur- 
rent. Creep measurements in the critical state made 
in the time scale of the same order of that used in the 
magnetization measurements show that the decrease of 
Jc as seen in Fig. 2 can be taken into account by creep 
effects. Equivalent measurements in the FC structure 
show undetectable creep in agreement with the re- 
sults of decoration experiment iQ and with the observed 
constant q;l(Hci,T) plotted in Fig. 2. 

Fig. 3 depicts the field dependence of A^^ for other 
three higher temperatures. The frequency independence 
of the results and the low dissipation (/i" < 0.04) verifies 
that the Campbell limit is obeyed up to 750 Oe where dis- 
sipation is detected to increase rapidly with field (shad- 
owed region in the figure). The slope of A^c (Ha,T) for 
the three temperatures is seen to be independent of field 
(indicated by the dotted line with slope 1) for Ha < 200 
Oc. It is interesting to remark the relative decrease of 
Aac(Ha,T) with field as compared to that of the individ- 
ual pinning limit (followed by an increase at higher fields 
, shadowed region in the figure) . It is surprising that 
the enhancement of the effective pinning potential (bet- 
ter shielding) with Ha takes place within the individual 
Campbell pinning limit. This is clearly seen in Fig. 4 
where we have plotted Q!L(Ha,T) from the data in Fig. 
3, for two temperatures. The increase of the pinning 
potential with field strongly suggests an anomalous soft- 
ening of the elastic constant C44 = (Ha,T) at low fields 
and temperatures. 
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FIG. 3. Field dependence of at 25, 30 and 35K. The 
shadowed region corresponds to a dissipative regime. The 
lines have slope 1 indicating an individual pinning limit. 

Critical currents extracted from magnetization loops 
for T = 25K and T = 35K together with the corre- 
sponding a L (Ha ,T) from permeability measurements are 
shown in Fig. 4. As observed at lower temperatures, the 
decrease of Jc in the region of fields where is field in- 
dependent is also due to creep efi^ects. Thus, the decrease 
in Jc with Ha should not be considered as an increase of 
the pinning correlation volume with field due to collective 
pinning effects and consequently should not be associated 
with the second peak effect. This is further supported by 
a close inspection of the data in Fig. 4, showing that the 
enhancement of Q!i(Ha,T) above the individual pinning 
limit takes place at the field where the decreasing Jc(Ha) 
shows an inflexion point, as marked in the figure with 
an arrow. At this field a new mechanism that increases 
aL(Ha,T) is switched on and, consequently, slows down 
the creep rate. This anomalous behavior of the pinning 
potential could be considered a precursor of the second 
peak effect. 

It is interesting to point out similarities and differen- 
cies between the peak effect close to Hc2(T) in LTS |^ 
p9| , and the second peak in Bi2212 at low fields and 
temperatures. In LTS, Jc decreases with field down to 
a minimum at Honset, then pinning increases to reach 
a maximum at Hpeafe- It is shown [ p9| that Honset is 
situated in the field region where collective pinning is de- 
scribed by a three dimensional Larkin volume. For Ha > 
Honset the correlation volume decreases until a crossover 
from the collective to the individual pinning limit takes 
place at Hpeafc- The previous description implies that 
Q!i(Ha,T) decreases down to a minimum at Ha — ^onset- 
The enhancement of Q;i(Ha,T) for Ha > ^onset indicates 
a reduction of the correlation volume induced by a soften- 
ing of the VS. Agreement between theory and experiment 
is found [^9| only if the pinning correlation volume is cal- 
culated taking into account the lattice softening induced 
by the dispersive nature of C44(k). This is important close 
to Hc2 where the typical interaction length Xr = AL/l-b 
(b= H / Hc2) becomes comparable to the relevant elastic 
distortion of wave vector k of the VS. 
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FIG. 4. Jc from magnetization loops and Labush coefficent 
ol from equation (5) as a funtion of the applied magnetic 
field for (a) T=25K and (b) T=35K. The individual pinning 
region (field independence) deduced for both magnitudes is 
indicated. The arrow marks the inflection point of Jc(Ha). 
The shadowed region corresponds to a dissipative regime. 

In the extreme anisotropic Bi2212, pinning is also de- 
tected to increase with field at the second peak. However, 
in this case aL(Ha,T) shows no minimum, it increases 
from a field independent value at low fields, as shown 
by penetration depth measurements. Thus the reduction 
of the vortex pinning correlation starts from the already 
individual Larkin volume, characterized by a one dimen- 
sional vortex length, Lc. In this limit Jc is given by ml 



Jc = MT)i 



(6) 



where Jo(T) is the depairing current, ^ is the supercon- 
ducting coherence length, 7 is the anisotropy and Lc is 
the Larkin correlation length in the field direction. Pre- 
vious measurements of Jc and Q!L(Ha,T) have shown H^] 
a field independent temperature induced crossover from 
one to zero dimensional pinning behavior at Tqo — 20K, 
where Lc becomes equal to the CuO interspacing 
distance s. 

In Fig. 5 the temperature dependence of Q!i(IIa,T) in 
the individual vortex limit is depicted. The transition to 
the zero dimensional limit, T = Tqd, is evident pCJ. At 



this temperature the minimum pinning correlation vol- 
ume (maximum Q!L(IIa,T) for a given temperature) is 
achieved. For T > 20K the pinning is one dimensional 
with Lc > s. Thus, the increase of Q;L(IIa,T) with field, 
described in this paper, should be due to a decrease of 
Lc induced by a softening of the elastic vortex proper- 
ties. Following the previous discussion the maximum 
value that Q;L(IIa,T) can take is for Lc = s. We have 
plotted in Fig. 5 the maximum values of aL(IIa,T) at 
different temperatures within the Campblell limit (max- 
imum Ha in Fig. 4 before the shadowed area). The lin- 
ear extrapolation (dotted line) of the data below 20K to 
higher temperatures strongly supports the picture dis- 
cussed previously. 
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FIG. 5. Temperature dependence of Q_L(Ha,T) in the in- 
dividual vortex limit. Full symbols: Field independent ul- 
Open symbols: maximun value of ol in the Campbell limit. 
The full line is an extrapolation of the low temperature (be- 
low Tod) evolution. The insert is a similar result for a sample 
with lower deffects concentration. 

It is seen from Fig. 5 that the increase of aL(Ha,T) 
and the corresponding increase of Jc(Ha,T) at the sec- 
ond peak is due to of a softening of the elastic properties 
of the vortices in a region of fields where its integrity 
along the field is assured: individual pinning limit in the 
Campbell regime. When H^ is further increased Jc and 
the effective aL(Ha,T) are seen to decrease rapidly but 
the rapid increase of dissipation in ^ indicates a crossover 
to a non equilibrium state. The large dissipation is as- 
sociated with currents flowing in the c direction as men- 
tioned in ref. ||l0|| indicating a loss of vortex integrity in 
transport properties. 

We have made measurements in two other samples 
with similar results: thermal crossover to zero dimen- 
sional pinning below Tod ~ 20K, and a magnetic soft- 
ening of the VS above Tqd- However, it is interesting to 
remark that the field where dissipation marks the end of 
the Campbell limit depends on each sample. In particular 
we see in the insert of Fig. 5 results equivalent to those 
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in the main frame. However, in this sample (that by all 
indications seems to be cleaner) the dissipation appears 
at values of aL(Ha,T) well below that corresponding to 
the zero pinning limit behavior. This result is in agree- 
ment with a possible influence of point disorder on a first 
order transition associated with the loss of coherence in 
the c direction. 

We have shown that the increase of Jc in the second 
peak effect is due to a genuine softening of the elastic 
properties in the individual pinning regime. Whether 
it is a manifestation of a phase transition is a subject 
that deserves more theoretical and experimental work. 
As mentioned in ref. we have not detected the second 
peak effect below 20K neither by permeability nor by 
Jc measurements. Why the thermal induced transition 
to a zero dimensional pinning limit precludes the vortex 
softening with field remains as an open question. 

V. F. C. is fellowship holders of CONICET, Argentina. 
G. N. is member of CONICET, Argentina. Work par- 
tially supported by ANPCYT PICT97-03-00061-01116, 
CONICET PIP96/4207, Fundacion Balseiro and Fun- 
dacion Antorchas 1370/1-1118. 



[16] G. Pasquini, PhD Thesis, Univ. Nac. Buenos Aires 

(1998), unpublished. 
[17] V. F. Correa et al (unpublished). 

[18] M. F. Goffman, J. A. Herbsommer, F. de la Cruz, T. W. 

Li and P. H. Kes, Phys. Rev. B 57, 3663 (1998). 
[19] L. A. Angurel, F. Amin, M. Polichetti, J. Aarts and P. 

H. Kes, Phys. Rev. B 56, 3425 (1997). 
[20] V. F. Correa, J. A. Herbsommer, E. E. Kaul, F. de la 

Cruz and G. Nieva, Phys. Rev. B (to be published). 



[1] A. I. Larkin and Yu. N. Ovchinnikov, J. Low Temp. Phys. 

34, 409 (1979). 
[2] T. Gimarchi and P. Le Doussal, Phys. Rev. B 52, 1242 

(1995). 

[3] L. L. Daemen, L. N. Bulaevskii, M. P. Maley and J. Y. 

Coulter, Phys. Rev. Lett. 70, 1167 (1993). 
[4] E. Zeldov, D. Majer, M. Konczykowski, A. I. Larkin, V. 

M. Vinokur, V. B. Geshkenbein, N. Chikumoto and H. 

Shtrikman, Europhys. Lett. 30, 367 (1995). 
[5] M. B. GaifuUin, Y. Matsuda, N. Chikumoto, J. Shi- 

moyama and K. Kishio, Phys. Rev. Lett. 84, 2945 (2000). 
[6] B. Horovitz, Phys. Rev. B 60, R9939 (1999). 
[7] M. Niderost, A. Suter, P. Visani, A. C. Mota and G. 

Blatter, Phys. Rev. B 53, 9286 (1996). 
[8] M. Baziljevich, D. Ciller, M. McElfresh, Y. Abulafia, Y. 

Radzyner, J. Schneck, T. H. Johansen and Y. Yeshurun, 

Phys. Rev. B 62, 4058 (2000)and references there in. 
[9] E. E. Kaul and G. Nieva, Physica C 341-348, 1343 

(2000). 

[10] A. Arribere, H. Pastoriza, M. F. Goffman, F. de la Cruz, 
D. B. Mitzi and A. Kapitulnik, Phys. Rev. B 48, 7486 

(1993) . 

[11] E. H. Brandt, Phys. Rev. Lett. 67, 2219 (1991). 
[12] A. M. Campbell, J. Phys. C 2, 1492 (1969). 
[13] G. Blatter, M. V. Feigel'man, V. B. Geshkenbein, A. I. 
Larkin and V. M. Vinokur, Rev. Mod. Phys. 66, 1125 

(1994) . 

[14] Magnetic decoration experiments of FC vortex structures 
show no field gradients in the bulk of the sample. This 
imposes a maximum limit of less than J = 10 A/cm^. We 
thank Y. Fasano for this information. 

[15] G. P. Bean, Rev. Mod. Phys. 36, 31 (1964). 



5 



